Abstract-Energy efficiency in smart buildings requires distributed sensing infrastructure to monitor the power consumption of appliances, machines and lighting sources. The analysis of current and voltage waveforms is fundamental for gathering diagnostic information about the power quality and for reducing power wastage. Moreover, it enables Non-intrusive Load Monitoring (NILM), which is the process of disaggregating a household's total electricity consumption into its contributing appliances, by analysing the voltage and current changes. In this paper, an innovative full Energy-neutral (i.e. battery free) and Non-intrusive Wireless Energy Meter (NIWEM) is presented to measure current, voltage and power factor. As key features, the NIWEM is completely non-invasive and it can self-sustain its operations by harvesting energy from the monitored load. It also features a standard (Zigbee) wireless interface for communication with the smart-building system. Experimental results have confirmed that complete energy sustainability can be achieved also with very low-power loads.
I. INTRODUCTION
An enormous research effort of the worldwide utility companies is oriented to monitor the energy usage for reducing power consumption, by using smart power meters for industrial, commercial and domestic scenarios. The main aim of smart power metering is to make users aware of the energy consumption in daily activities and then to promote energy saving. Standalone meters are now being replaced by distributed sensing infrastructures, which monitor the power consumption of household's appliances, using various communication strategies. Low-cost, robust and easy-to-use power sensing systems are the most suitable devices to monitor in a pervasive way the 50-60 Hz electricity in smart buildings [1] .
A power monitoring system consists of current and voltage sensors and a processing unit, for the analysis of the power consumption (e.g. RMS values, filtering, time and frequency analysis) to assess the power quality and the energy usage. Moreover, smart meters enable disaggregation techniques such as Non-intrusive Load Monitoring (NILM), that is the process of monitoring the households' voltage and current changes to understand which appliances have been used, as well as their individual power consumption [2] . Smart meters with NILM technology are mainly used by utility companies to survey the specific usage of electric power in different scenarios and Luca Benini is also with Department of Information Technology and Electrical Engineering, ETH Zurich, Switzerland they are considered a low-cost solution to observe the state of appliances [3] .
Traditional energy meters are usually powered through the high-voltage AC line, while Wireless Sensor Nodes (WSNs) are often battery-powered and placed where it is not possible to replace batteries or to exploit the mains. Energy harvesting solutions should be adopted when batteries replacement becomes an expensive overhead.
In this paper, an innovative Energy-Neutral and Nonintrusive Wireless Energy Meter (NIWEM) is presented, with self-power capability for smart metering applications. It embeds a clamp-on current transformer, which is used for the current consumption measurement and energy harvesting. The current transformer is easy-to-install because it does not require any breaking of the high-voltage AC line. The voltage is measured using an innovative non-invasive voltage sensor, which exploits capacitive-coupling elements. This new approach does not require any electrical contact with the mains, which makes the measurement much safer.
As key features, the sensor nodes equip an energy harvesting subsystem, which scavenges energy from the monitored load, making them fully-autonomous. Moreover, the system guarantees the start-up operations without any back-up energy buffer. The NIWEMs feature a low-power, 32-bit NXP microcontroller for data processing and a wireless transceiver for sending data to an Energy@Home [4] compliant Gateway, via ZigBee PRO standard with Home Automation profile.
The paper is organized as follows: Section II presents an overview of the challenges in Smart Metering systems. Section III shows a description of the implementation of the proposed smart sensor node. In Section IV the network protocol is presented. In Section V, the performance evaluation are illustrated, while Section VI concludes the paper.
II. RELATED WORKS
Smart meter design is mainly focused on two categories of services. The first one is oriented to monitor high-power consumption in energy distribution systems and smart grids while the second one is oriented to monitor the power consumption of household's appliances. Concerning the highpower monitoring, the self-powered system presented in [15] is a wireless power meter designed for measuring current and voltage in distribution lines of smart grids. It exploits two on-air current sensors and an energy harvesting sub-system. Similarly, an efficient powering system, presented in [16] , uses a split core current transformer as energy harvester. The collected energy is used to provide constant output voltage and the excess energy is stored in a back-up battery or supercapacitor. In contrast to grid-oriented systems, the majority of smart meters are designed to monitor the power consumption of single household's appliances. For instance, the wireless meter presented in [17] measures the energy consumption of single appliances and can also switch-off the appliances under control. Similar operations are performed by the wireless nodes presented in [18] , which monitor the current consumption with Hall-effect sensors and they are powered through the high-voltage line with an AC/DC converter. In [19] a batteryfree energy harvester is implemented on-chip by using 0.25m CMOS process. It converts the AC signal coming from a Rogowski coil by means of an active rectifier and a set of boost converters combined with a switched capacitor sampler. Another example of meter with energy harvesting capability is given in [20] . It is a miniature device, called energy coupler, capable to deliver up to 10mW of power to a 50Ω load, when placed nearby a conductor of a power distribution system, where the current ranges between 70A -1000A. Finally, two interesting examples of single sensor self-powered meters are given in [21] and in [22] . The first one is based on a novel dual wire current transformer and exploits a wireless monitoring system to perform current measurement and a magnetic energy harvester realized on-chip to self-sustain its operations. The second one is a very small current waveform meter, which can harvest energy from the measured current and transmit data over the power line. Commercial devices such as SGM3000 series smart system [7] can contain several meters, for both residential and commercial demand, and they can include single phase and multi-phase metering solutions. Our previous work [6] is related to an IEEE 802.15.4-compliant wireless current meter with energy harvesting capability, which exploits two separate current transformers: one for the measuring and one for harvesting the energy from the main. However, the main drawback of this solution is the lack of an non-intrusive voltage sensing circuit, which is fundamental for a complete measure of the power. Moreover, the proposed solutions are limited in terms of features implemented.
In this paper we will present an efficient dedicated smart energy meters with advanced features. The main idea is to use smart meters to obtain information about energy consumption from household's appliances in order to improve the energy efficiency and the billing. Moreover, it will enable energy disaggregation techniques such as Non Intrusive load monitoring (NILM). The presented meter is compliant to the specifications of Energy@home [4] , which is a no-profit association that promotes smart metering and NILM approach. It aims at developing technologies and services for energy efficiency in a smart home, based on device-to-device communication, to create an eco-system of interoperating devices.
III. SYSTEM DESCRIPTION
The entire system is composed by wireless energy meters (NIWEM), which measure the power consumption and send data over the ZigBee network to an Energy@Home compliant Gateway that is connected to a java-enabled host. Each meter exploits a clamp-on transformer for current measurement and energy harvesting, and a new non-invasive capacitive-coupling sensor for voltage measurement. The architecture consists of four main blocks: i) the current sensing section, ii) the voltage sensing section, iii) the energy harvester and finally iv) the microcontroller and wireless transceiver.
A. Current Sensing Section
A common method of converting current to voltage is based on using clamp-on current transformers. These sensors have the obvious benefit of non-intrusive measurement mainly because the low-voltage DC circuit is clearly decoupled from the high-voltage input, which makes this measure much safer. The adopted current transformer features linear performance over a wide range of inputs and it is easy-to-install because it does not need any interruption or breaking of the voltage line. The main electrical characteristics of this sensor are the number of turns (n = 3000) and the maximum measured current (60A), which corresponds to an input current of 20mA. Fig.1 shows the block diagram for the current measurement where the current is converted to a proportional voltage, using the I-to-V Converter. The voltage is then sampled using an Analog-to-Digital converter and a 32-bit microcontroller. Moreover, a Raised Cosine Filter (RCF) is implemented to reduce the high-frequency noise. The RCF is a low-pass filter, which is commonly used for pulse shaping in data transmission systems. The frequency response H(f) of this filter is symmetrical and it is divided into three main parts: it is constant in the pass-band, it sinks in a cosine curve to zero through the transition region and it is zero outside the passband. Its frequency-domain description is a piecewise function, given by:
where β is the roll-off factor (0 ≤ β ≤ 1), and T is the reciprocal of the symbol-rate. The response of a real filter is an approximation to this behaviour. The filter is designed as a Finite Impulse Response filter (FIR) (f=12.5KHz, corner frequency 500Hz, -6dB).
B. Voltage Sensing Section
Current consumption measurement, using the magnetic field of a single wire, is a well-established technique. However, there are no non-invasive sensors commercially available for the voltage measurement.
The analysis of the voltage is important for measuring the Power Factor (PF), which is the ratio between the real power (P) measured in (W) and the apparent power (S) measured in (VA). PF can theoretically have values in the range from 0 to 1, but in real-world applications it has to be bigger than 0.9 mainly because the utility companies supply customers with apparent power (S) but the utility bill is related to the real power (P). When the PF is lower than 1, the companies need to generate more than the minimum volt-amperes needed to supply the real power, increasing the costs for the energy generation and transmission.
The main idea for measuring the voltage with a noninvasive sensor is to use capacitive-coupling elements positioned near to the electric field generated by the mains. These elements can generate a current in response to the voltage variation because they are coupled to the conductive parts of each cable through the external insulation. These capacitivecoupling elements can be modelled using the transfer function H(jω) of a first-order electronic high-pass filter given by:
where C and R are respectively the capacitance of the capacitive-coupling elements and the measuring resistance.
The cut-off frequency ft of this filter is given by: Fig. 2 shows the two capacitive-coupling elements and the block diagram for the voltage measurement. In the electrical distribution systems the voltage is measured between two conductors (e.g. phase P and neutral N). However, these conductors are floating compared to the NIWEM meter, if a common reference is not available. The differential measurement (Fig. 2) allows to eliminate the floating component and then to only obtain the useful voltage, without any common reference to the main high-voltage line.
C. Energy Harvester
The energy harvesting circuit uses the same current transformer for the current measurement as power transducer. When the system is in active mode, the transformer is used for sensing current while it is connected to the energy harvesting sub-system, which recovers the energy used in active mode, when the node is in sleep mode. Fig. 3 shows the block diagram of the proposed sub-system, which is used to switch from the current measurement circuit to the energy harvesting sub-system. The switching systems has been already discussed here [13] , [14] .
NIWEM is able to guarantee the start-up reliably without using any external energy source (e.g. batteries) because it equips on-board a supercapacitor to buffer the harvested energy. The system starts executing the association with the Energy@Home compliant gateway only when the supercapacitor has enough charge. Section V will deeply discuss the curve for the minimum start-up time to guarantee a proper association and the sustainable curve for the minimum sleep time as a function of the monitored load.
D. Microcontroller and Wireless Transceiver
The smart power meter features the JN5148 module from NXP, which is a low-power and high-performance 32-bit microcontroller (MCU) with an integrated 2.4 GHz IEEE 802.15.4/ZigBee PRO radio transceiver. Furthermore, the MCU provides a 512 kB serial flash memory, a real-time clock, an integrated antenna, a 128 kB ROM, a 128 kB RAM, a set of analogue and digital peripherals (12-bit ADC and 12-bit DAC) and, finally, SPI and I2C interfaces. This module is characterized by a very low-power consumption in sleep mode (only 2.6 uA) while, in active mode, the current consumption is dominated by the radio transceiver, which requires 15 mA for transmit and 17.5 mA for receive. All the values are referred to as a supply voltage of 3.0 V, that is the normal operating voltage of this wireless energy meter.
The smart energy meter transmits data to the Energy@Home compliant Gateway, using ZigBee PRO protocol with Home Automation profile. This gateway is a commercial product called FlexKey and it is one of the most compact Zigbee USB Dongle available on the market today 1 . Due to its RF performance, it enables secure and reliable wireless connectivity between internal and external environment. The Gateway has been designed to be connected to every device equipped with a USB port (ADSL modem, PC, Tablet). Fig. 4 shows the prototype of the smart power meter and the Energy@Home compliant Gateway.
IV. NETWORK PROTOCOL AND ARCHITECTURE
The FlexKey USB Gateway acts as a ZigBee PRO coordinator with Home Automation profile. ZigBee is a wireless networking technology developed by ZigBee Alliance for lowdata rate and short-range applications.
ZigBee protocol consists of four main layers: physical (PHY), medium access control (MAC), network (NWK) and application (APL). In addition, ZigBee provides security functionality across layers. The bottom layers of ZigBee stack are defined by the IEEE 802.15.4 standard, while the top of this stack is defined by the ZigBee Alliance specification. ZigBee PRO Home Automation is a new profile for smart buildings, that enhance comfort, convenience, security and energy management for the consumer and it adds several features, which NIWEM with ZigBee PRO Home Automation profile samples the current and voltage waveforms and provides the following parameters: RMS current, RMS voltage and power factor. These data are then transmitted through the network. The total amount of data sent is equal to 94 byte. These data are transmitted using two packets: the first one contains 60 byte of payload, where 40 byte are for the current waveform and 20 byte for the voltage waveform, while the second one contains the remaining 20 byte of the voltage waveform and the RMS current (2 byte), the RMS voltage (2 byte), the MCU supply (2 byte) and the power factor (4 byte). The use of a multi-packet solution is because the payload length can not exceed 60 byte due to the configuration of the network with this specific Gateway. To mitigate the fragmentation and to reduce the sending rate, data compression techniques, such as Compressive Sensing (CS) [11] will be verified in future.
Moreover, we have decided to not use the ZigBee PRO automatic fragmentation and to perform a high-level check for the reception of these packets.
On the host-side, we have implemented a Java multiplatform software (WiStation), which is able to run with every machine (e.g. Windows, Linux, Beaglebone, Raspberry Pi, Android devices) and it acts as a control station. This software communicates with the ZigBee Gateway using an USB virtual serial port and it allows the end-users to setup, connect and configure the ZigBee network architecture. Moreover, it performs packet check and it alerts with specific notification in case of lost packets/nodes. The system displays the information using HTML/JavaScript pages with a local web server, which is embedded into the application. In this way, it is possible to keep the software completely multi-platform and to enable the remote control of the ZigBee network. The main WiStation web data view is shown in Fig. 5 . This interface can be used by both administrator and end-users for monitoring the voltage and current waveforms, the RMS values for the current and the voltage, the power factor, the apparent, real and reactive powers.
V. PERFORMANCE EVALUATION
Performance has been assessed in terms of measurement errors in the current, voltage and power factor measurements and of the energy harvesting capability. Fig. 6 shows a comparison between the current consumption of few appliances measured with both a calibrated power meter (Chauvin Arnoux CA8335B Mains-analysis device) and our NIWEM. It is possible to notice that the maximum error of the smart energy sensor node is less than 2%. This error is mainly due to the harmonic content of the measured current (e.g. high-frequency harmonic distortion). The results and the accuracy achieved are however very good considering that the cost of the proposed system is about 40 times lower than the calibrated power meter.
Moreover, Table I shows the measurement of the current, voltage and power factor for three specific loads: a 500W lamp, a resistive-capacitive load and a PC screen. Also in this case, we present a comparison between the consumption of these appliances measured with both a calibrated power meter (CA8335B) and our wireless energy meter. In more detail, the current, the voltage and the power factor are firstly measured using the CA8335B and then the same measurements are performed using the smart wireless energy meter. The values obtained with the presented solution are very close (the error is negligible) to the values obtained by using Chauvin Arnoux CA8335B.
In Figure 7 , we illustrate the curve of the optimal sleep time as a function of the power dissipation of the main appliances. This curve is obtained with experimental data and it shows that every appliance, with a specific current consumption, is characterized by a specific duty-cycle, which permits a periodic measurement, without any external battery.
Moreover, the system can start-up reliably without using any back-up energy buffer. The time for charging the onboard supercapacitor changes according to the input current: appliances with higher power consumption permit the current transformer to deliver higher power, hence the start-up interval is shorter and vice versa. In Figure 8 , the graph shows the curve of the time needed for the start-up operations as a function of the input power, with the supercapacitor completely discharged. In particular, the system can have a fast start-up (e.g. with a time less than 60 seconds) if the monitored load is bigger than 100W. Moreover, the system will be able to properly start-up also with lower power consumption but it will take longer. Of course, the provided power has to be bigger than the quiescent consumption, which are intrinsic in every device. In the experiments, we verified that our prototype can startup autonomously with minimum load of 10W.
VI. CONCLUSIONS
In this paper, a new Energy-Neutral and Non-intrusive Wireless Energy Meter is presented, for measuring voltage, current and power factor for residential and industrial appliances. As key features, it can self-sustain its operations by harvesting energy from the monitored load. Moreover, this system feature a low-power, 32-bit NXP microcontroller for data processing and a wireless transceiver for sending data, via ZigBee PRO standard with Home Automation profile, to a Energy@Home compliant gateway. Experimental results have confirmed that a complete energy sustainability and an autonomous start-up can be achieved without using any external batteries. Finally, the accuracy of node has been characterized by measuring the current, voltage and power factor of a set of three appliances where the error, with respect to a calibrated instrument, is negligible.
